Abstract Understanding the rates and pattern of erosion is a key aspect of deciphering the impacts of climate and tectonics on landscape evolution. Denudation rates derived from terrestrial cosmogenic nuclides (TCNs) are commonly used to quantify erosion and bridge tectonic (Myr) and climatic (up to several kiloyears) time scales. However, how the processes of erosion in active orogens are ultimately reflected in 10 Be TCN samples remains a topic of discussion. We investigate this problem in the Arun Valley of eastern Nepal with 34 new 10 Be-derived catchment-mean denudation rates. The Arun Valley is characterized by steep north-south gradients in topography and climate. Locally, denudation rates increase northward, from <0.2 mm yr À1 tõ 1.5 mm yr À1 in tributary samples, while main stem samples appear to increase downstream from~0.2 mm yr
Be TCN samples remains a topic of discussion. We investigate this problem in the Arun Valley of eastern Nepal with 34 new 10 Be-derived catchment-mean denudation rates. The Arun Valley is characterized by steep north-south gradients in topography and climate. Locally, denudation rates increase northward, from <0.2 mm yr À1 tõ 1.5 mm yr À1 in tributary samples, while main stem samples appear to increase downstream from~0.2 mm yr
À1
at the border with Tibet to 0.91 mm yr À1 in the foreland. Denudation rates most strongly correlate with normalized channel steepness (R 2 = 0.67), which has been commonly interpreted to indicate tectonic activity.
Significant downstream decrease of 10 Be concentration in the main stem Arun suggests that upstream sediment grains are fining to the point that they are operationally excluded from the processed sample. This results in 10 Be concentrations and denudation rates that do not uniformly represent the upstream catchment area. We observe strong impacts on
Introduction
Denudation, the removal of mass from the landscape, is the combined result of tectonic forces that expose rock at the surface and climatic forces that provide the erosive agents to remove it. An effort to understand the relationship between the rates of denudation and the tectonic and/or climatic forces that drive denudation has been a main undertaking in Earth science in recent decades. Many theoretical and field studies have suggested a close link between climate and denudation rates in a variety of geodynamic settings [e.g., Reiners et al., 2003; Hales and Roering, 2005; Roe et al., 2008; Moon et al., 2011; Bookhagen and Strecker, 2012; Ferrier et al., 2013a Ferrier et al., , 2013b Herman et al., 2013] , ultimately resulting in characteristic landscapes in accord with climatic zonation [e.g., Büdel, 1982] . In contrast, another group of studies has argued against a strong climatic influence on denudation rates in many orogens and emphasizes a more decisive role of tectonic processes in landscape evolution [e.g., Riebe et al., 2001 Riebe et al., , 2004 Burbank et al., 2003; Safran et al., 2005; Willenbring and von Blanckenburg, 2010; Godard et al., 2014; Scherler et al., 2014] . However, the time scales of these studies differ significantly, from tens (e.g., suspended sediment flux) to millions (e.g., thermochronometry) of years.
Over the last quarter century, the assessment of erosion processes using terrestrial cosmogenic nuclides (TCNs) has been increasingly refined as a widely used method in geomorphology due to its ability to quantify catchment-mean denudation rates on 10 2 -10 5 year time scales, thus bridging the gap between instrumen-denudation rate calculations. The north-south flowing Arun is the fourth largest trans-Himalayan river and traverses the orogen through a deeply incised, narrow gorge ( Figure 1 ). The Arun Valley is characterized by steep topographic and climatic gradients perpendicular to the strike of the Himalaya. These distinct gradients allow for a robust analysis of different climatic and topographic factors that may influence 10 Be concentration in river sand samples and possibly control regional denudation rates.
Background

Climatic Setting
Every year the ISM system delivers heavy, seasonal rainfall to the Himalaya as the Intertropical Convergence Zone migrates northward during the boreal summer [Charney, 1969; Gadgil, 2003] . The orographic barrier of the Himalaya focuses monsoonal rainfall along its southern flank, where mean annual rainfall locally exceeds 5 m yr
À1
( Figure 1c ) [Bookhagen and Burbank, 2010] . The Arun Valley is located relatively close to the Bay of Bengal (Figures 1b and 1c) and thus the main ISM moisture source. Weather stations maintained by the Nepal Department of Hydrology and Meteorology in the Arun record approximately 60% of annual rainfall during the peak ISM months (June through September); 80-90% of annual rainfall occurs from May to October [cf. Bookhagen and Burbank, 2010] . Because of the deeply incised, N-S oriented gorge, moisture is funneled through the Arun Valley northward into Tibet, resulting in greater rainfall in the upper sectors of the valley than on the surrounding higher-elevation areas ( Figure 1c ). Winter precipitation is primarily focused in the high-altitude regions [Bookhagen and Burbank, 2010; Wulf et al., 2010] , and snowfall is common in these areas [Carpenter and Zomer, 1996] . Reliable snowfall data from gauging stations, however, are not available in the Arun region as weather stations are principally located at low elevations not affected by snowfall. Bookhagen and Burbank [2010] calculated the snowmelt contribution of major Himalayan rivers across the Himalayan orogen and found that approximately 25% of total discharge in the Arun is related to snowmelt, as opposed to over 50% in the Western Himalaya.
Lesser Himalayan Crystalline (LHC), the Siwaliks, and finally to the alluvial plains of the Gangetic foreland [Schelling, 1992; Grujic et al., 2011] . An aerially extensive tectonic window, identified by Meier and Hiltner [1993] as the Arun Tectonic Window, exposes LHC rocks below the Main Central Thrust (MCT) along the course of the Arun (Figure 1d ). The northern extent of this window and the location of the MCT are poorly constrained [e.g., Schelling, 1992] . The Arun Tectonic Window corresponds to a large anticline [Wager, 1937] , which Montgomery and Stolar [2006] suggested to result from focused bedrock incision of the Arun.
The lithology in the study area is dominated by crystalline metamorphic rocks, principally from the HHC and LHC. The LHC units in the Arun Valley, as mapped by Schelling [1992] , are metasediments (e.g., metaquartzite, slate, phyllite, and metagraywacke) and augengneiss. HHC units are comprised of migmatites, paragneiss, and granites. No extensive carbonate or volcanic deposits are exposed, and all mapped lithologic groups are predominantly quartz-bearing. Because the Arun Tectonic Window follows the Arun Valley northward, we do not observe discrete variations in lithology perpendicular to strike within our study area ( Figure 1d and Figure 2 ).
Geomorphic Setting
As it drains the Himalaya, the Arun displays a steep, graded channel profile in a narrow valley (Figure 2 ). Two large slope-break knickzones north of the Arun gorge, approximately corresponding to the location of the Southern Tibetan Detachment (STD), separate the Himalayan Arun from the Tibetan section of the river, Be TCN sample sites for tributaries (red) are shown with associated watersheds outlined (black); along with main stem (white), Sun Kosi and Tamor Rivers (pink), and fluvial fill terrace (yellow) sample locations (cf. Table 1 [Bookhagen and Burbank, 2010] known locally as the Pum Qu. Similar knickzones of tectonic origin are observed in many trans-Himalayan rivers along strike [e.g., Seeber and Gornitz, 1983] . Above these knickzones the river has a shallow profile for the remainder of its upstream course and a broad, flat valley. Several fluvial fill terraces in the lower and middle reaches of the Arun have been mapped by Lavé and Avouac [2001] , but few are preserved in the upper reaches of the valley. We observed several strath terraces and hanging valleys, particularly in the upper sections of our study area approaching the Tibetan border.
The topography of the Arun Valley is comprised of three principal topographic sectors (Figure 3a ): the Lesser Himalaya (LH), with an average elevation of~2 km above sea level (asl) and a mean hillslope angle of~20°; the Higher Himalaya (HH), where mean elevation rises above 4 km asl and peaks are in excess of 8 km asl, with a mean hillslope angle of~30°; and a topographic transition zone between the Lesser and Higher Himalaya, first identified in other areas along strike of the mountain belt as the Physiographic Transition Zone (PT 2 ) [Hodges et al., 2001] , marking a sharp break in topography.
In the Higher Himalaya, the Arun Valley hosts several glaciers [Global Land Ice Measurements from Space (GLIMS) and National Snow and Ice Data Center, 2005; http://www.glims.org/]. Larger valley glaciers are predominantly in western tributaries of the Arun. To the east, several small cirque glaciers exist in the Ama Drime and Higher Himalaya, but no large valley glaciers currently occupy these watersheds. In the Nepalese section of the Arun Valley, cirque and valley glaciers exist in the upper reaches of the northernmost tributaries flowing into the Arun, but are less prominent than on the northern flanks of the Higher Himalaya, where extensive glaciation extends down from the northern slopes of the Sagarmatha/Mount Everest and Makalu regions. Valley morphology suggests that past glaciation was more extensive in medium to large high-altitude tributaries, but there is no evidence of glaciers reaching the main stem Arun.
Methods
Climatic Data and Analysis
Rainfall in the Arun Valley was characterized using remotely sensed data from the Tropical Rainfall Measurement Mission (TRMM). We used the calibrated 12 year average mean annual rainfall product ), and w is the width of the channel (m). To account for the large spatial variations in rainfall in the Arun Valley, and therefore presumably runoff, we determined discharge based on Figure 3 . Swath profiles (from swath area in Figure 1 ) of (a) elevation, with Lesser Himalaya, topographic transition zone (shaded gray), and Higher Himalaya denoted; (b) slope; (c) 3 km radius relief; (d) mean annual rainfall [Bookhagen and Burbank, 2010] ; (e) TRMM-weighted specific stream power (SSP); and (f) channel concavity from χ analysis for each sampled tributary and main stem location. Values are averaged across a 75 km wide swath area, chosen to include all major tributaries to the Arun River in our study area. Mean swath values are shown in black with ±1σ in shaded gray. Catchment-mean values from all sampled tributaries (circles) and main stem locations (squares) are shown along swath. Concavity values (F) are shown with linear regression of tributary concavity values and upstream distance; the shaded gray region represents the 95% confidence bounds. The topographic transition zone is shown in all panels by the light gray bar.
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both upstream area and TRMM-derived rainfall. We calculated SSP for every 90 m pixel in the digital elevation model (DEM) and have used an 11-pixel (~1 km) moving average channel-slope filter to remove outliers. SSP values were explicitly calculated from channel slopes. Channel width was defined using a simple scaling model, such that channel width was assumed to increase proportionately to discharge, following a power law relationship with an exponent of 0.4 [Knighton, 1999; Whipple, 2004; Craddock et al., 2007] .
Topographic and Geologic Data and Analysis
Topographic analysis was performed on the 90 m resolution Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) v4.1 provided by Consultative Group on International Agricultural Research (CGIAR) Consortium for Spatial Information (http://srtm.csi.cgiar.org/) [Jarvis et al., 2008] . The stream network and upstream area was determined after first filling sinks and carving sills in the 90 m DEM . We calculated several metrics to characterize topography in the Arun Valley using a combination of standard geographic information system techniques and TopoToolbox v2 [Schwanghart and Scherler, 2013] . Hillslope angle (degrees) and gradient (m m À1 ) were calculated for each 90 m pixel based on its eight surrounding neighbors. Local relief was calculated for each pixel based on 1 km and 3 km radius averaging windows. Lithology was classified using the map by Schelling [1992] . As sampled catchments lie entirely within the LHC and HHC units (ARU-12-11 contains 3% in Tethyan sediments), we quantified catchment lithology by percent area in the High Himalayan Crystalline units (%HHC). We did not perform a more detailed analysis between units within the HHC or LHC.
Channel Concavity and Steepness
Channel concavity is an integral part of the stream power model for bedrock rivers [e.g., Whipple and Tucker, 1999; Whipple, 2004; Wobus et al., 2006] that describes channel evolution through time and varies for different rivers based on a variety of natural conditions (e.g., lithology). We calculated channel concavity for the main stem Arun and each sampled tributary by (1) standard slope-area regression [e.g., Flint, 1974; Wobus et al., 2006] and (2) least squares regression of the χ-transformed stream network Royden and Perron, 2013] . Because orographic rainfall, as observed in the Arun Valley, has the potential to affect channel concavity in steady state river profiles [e.g., Roe et al., 2002] , we additionally performed the slope-area and χ analysis using a TRMM rainfall-weighted flow accumulation grid. The TRMM-weighted flow accumulation grid is calculated using the routines of TopoToolbox v2 [Schwanghart and Scherler, 2013] and results in upstream areas that are weighted to be proportionately "larger" in regions with higher rainfall rates and proportionately "smaller" in regions with lower rainfall rates. In both cases, we separately calculated the channel concavity for the entire stream network and for the trunk stream in each catchment.
Normalized channel steepness (k sn ) [e.g., Wobus et al., 2006] was calculated for the Arun fluvial network in our study area for every 90 m pixel in the channel network. Local channel gradient was calculated for each pixel, then divided by upstream area to calculate channel steepness (k s ); we then normalize channel steepness using (1) the standard reference concavity of θ = 0.45 [e.g., Wobus et al., 2006] and (2) the mean concavity value derived from the χ analysis of all tributaries (θ = 0.23 ± 0.14). We additionally calculated k sn using a TRMM-weighted flow accumulation grid to account for the potential impact of spatially inhomogeneous rainfall, assuming that regions experiencing higher rainfall may have higher denudation rates within the basin. TRMM-weighted k sn was normalized using (1) θ = 0.45 and (2) θ = 0.20 ± 0.14, the mean concavity value from the TRMM-weighted χ analysis. For all channel steepness indices, catchment-mean k sn was calculated for the channel network upstream of the sample location.
The 10 Be TCN-Derived Denudation Rates
Basin-wide denudation rates were estimated based on in situ 10 Be in fluvial river sands [Brown et al., 1995; Bierman and Steig, 1996; Brown et al., 1995; Granger et al., 1996] . In total, we collected and analyzed 34 samples in the Arun Valley, from the border with India in the south to the border with Tibet (China) in the north.
Our primary sample targets were (1) the main stem Arun, sampled in intervals along its N-S course; (2) tributaries to the Arun, ranging in size from <10 km 2 to >1000 km 2 ; and (3) the Sun Kosi (ARU-11-27) and Tamor (ARU-11-25) Rivers near their confluence with the Arun. Samples were taken from fresh sand banks on active channels of the main stem Arun and its tributaries. The only exception was ARU-11-12; this sample was taken from a recently abandoned or high water channel as the active channel was not accessible. In total, 7 samples were collected from the main stem Arun, one sample each from the Sun Kosi and Tamor, and 25 samples from tributaries to the Arun. Sample site selection was also dictated by accessibility, limiting our ability to sample some major tributaries. In addition to the 34 samples collected for present-day denudation rates, we sampled paleoriver sands from a large fill terrace at Tumlingtar (ARU-12-21 and ARU-12-22) and from one smaller terrace in the lower reaches of the Arun (ARU-11-21) to quantify 10 Be concentrations in transiently stored sediments.
Sample Preparation and Processing
Samples were prepared at the University of Potsdam and the University of California-Santa Barbara following standard procedures [e.g., Bookhagen and Strecker, 2012] . A low-ratio 9 Be spike ( 10 Be/ 9 Be ratio of~1 × 10 À15 ) was added to the cleaned quartz, and samples were dissolved in hydrofluoric acid. Ion-exchange chromatography was used to extract Beryllium from the dissolved samples [von Blanckenburg et al., 2004; Bookhagen and Strecker, 2012] . Samples were sent to Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, USA, for accelerator mass spectrometry measurements. Ratios of 10 Be/ 9
Be were normalized using the 07KNSTD3110 standard ( 10 Be/ 9 Be ratio of 2.85 × 10 À12 ) [Nishiizumi et al., 2007] .
Calculation of Catchment-Mean Denudation Rates
Production rates of cosmogenic 10 Be in Arun tributary catchments were calculated for every 90 m pixel of the SRTM DEM, including the effects of altitude, latitude, topography, and glaciation (see below). The same procedure was used for main stem Arun, Sun Kosi, and Tamor samples for every 1 km pixel using the U.S. Geological Survey GTOPO30 global DEM (https://lta.cr.usgs.gov/gtopo30/). Topographic shielding was calculated following Dunne et al. [1999] . We used the Lal/Stone scaling procedure [Lal, 1991; Stone, 2000] , which takes timedependent muogenic production and nondipole geomagnetic effects into account [Balco et al., 2008] and the revised 10 Be half-life of 1.387 ± 0.016 Myr [Chmeleff et al., 2010; Korschinek et al., 2010] . The Be concentrations were corrected using the mean of eight laboratory blanks (1.43 × 10 À14 ± 1.23 × 10
À15
). The 10 Be concentrations were converted to erosion rates using the MATLAB functions of the CRONUS-Earth online calculator version 2.2 [Balco et al., 2008] in an iterative scheme provided by Scherler et al. [2014] .
Ice Shielding and Glaciation
Recent studies have shown that present-day and past glaciations reduce 10 Be concentrations in detrital quartz and can, when unaccounted for, result in apparent denudation rates that are significantly overestimated Glotzbach et al., 2013] . To mitigate this effect, we applied an ice-shielding mask to production rate calculations based on present-day glacier cover from the GLIMS glacial database; this assumes that the production rate in ice-covered areas of the catchment is zero and all 10 Be in the detrital sample is derived from ice-free surfaces. The ice-shielding mask was applied to three tributary catchments (ARU-11-14, ARU-11-15, and ARU-12-11) where glaciers are currently present, the main stem Arun, the Sun Kosi, and the Tamor. Currently, there is insufficient data about the glacial history of the Arun Valley available to correct for past glacial coverage [e.g., Glotzbach et al., 2013] .
Comparison of Topographic and Climatic Metrics and Denudation Rates
To better understand regional influences on denudation rates, we performed a suite of ordinary least squares (OLS) regressions between our TCN denudation rates and catchment-mean topographic and climatic metrics. We excluded outliers (BBRS01, ARU-12-09, and ARU-12-19A), where we observe evidence of recent voluminous landsliding (see section 4.3.2), and presently glaciated tributaries. Glaciated tributaries were excluded from regression analysis because many of the topographic metrics used (e.g., k sn and SSP) assume fluvial processes and are not applicable to glaciated catchments. Due to the high incidence of landsliding (see section 4.3.2) we removed ARU-11-10 and ARU-11-11 from the regression analysis. ARU-12-06 is a small tributary with a pronounced knickpoint cutting through a perched low-relief topography that may still be subjected to the impact of a previous erosion regime, and we therefore remove ARU-12-06 from the regressions.
Catchment topography has traditionally been characterized by the catchment mean or median value of a chosen metric (e.g., relief and k sn ). Despite this common assumption, catchment topography is often not normally distributed, especially in transient landscapes. In order to perform a more robust comparison between denudation rates and catchment climate and topography, we extend our regression analysis beyond the catchment mean or median metric value. To do this, we calculate every 5th percentile from the 10th to 90th percentile of the data and use percentile values to perform multiple OLS regressions of our catchment-mean denudation rates against catchment topographic and climatic metrics. Additionally, we performed Lilliefors [Lilliefors, 1967 [Lilliefors, , 1969 and skewness tests to decide if catchment metrics are normally or nonnormally distributed at the 95% confidence level.
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where "Tibet" represents the area upstream of northernmost sample, "Confluence" represents the area upstream of the southernmost sample before the Sapt Kosi confluence, "H" denotes the Himalaya between the border with Tibet and the Sapt Kosi confluence, "Conc." is measured 10 Be concentration in the detrital sample, and MF represents the mass flux (g cm À2 yr À1 ). To solve for mass flux, we assume that the mean 10 Be concentration from Arun tributaries is representative of the 10 Be concentration of the Himalaya in the region.
To solve for variable 10 Be concentration, we assume that MF H = MF Confluence À MF Tibet .
Results
Topography and Climate
In general, elevation and topographic steepness metrics (e.g., hillslope angle, local relief, and channel steepness) increase from south to north across the Arun Valley ( Figure 3 and Table 1 ). Mean hillslope angle across the study area ranges from <5°in the alluvial plain to >30°in the Higher Himalaya ( Figure 3b) ; 3 km radius relief similarly increases from <100 m in the alluvial plain to~1 km in the LH, then sharply increases at the topographic transition zone into the HH, where it exceeds 2 km ( Figure 3c ). Discrete increases in hillslope angle and local relief are observed at both the LH and HH orographic barriers. Sampled catchments are located in the Lesser and Higher Himalaya where hillslope angle and relief are moderate to high. In sampled fluvial tributaries, mean hillslope angles range from 18°to 35°; 3 km relief ranges from 876 m to 2261 m ( Figure 3 and Table 1 ).
Channel concavity derived from χ analysis of the main stem Arun in our study area indicates a generally graded river profile with a concavity of 0.451 until the first large knickpoint in southern Tibet (Figure 2 ). The channel a Coordinates denote location of sample collection. All topographic properties derived from the 90 m CGIAR SRTM DEM [Jarvis et al., 2008] . Rainfall is based on the 5 km TRMM 2B31 product [Bookhagen and Burbank, 2010] .
b Values calculated using least squares regression of the chi-transformed stream network Royden and Perron, 2013] Table S1 in the supporting information). TRMM-weighted k sn has a strong, positive linear correlation with unweighted k sn (R 2 = 0.88, 0.97 for standard reference concavity (θ = 0.45) and χ-determined channel concavity, respectively).
Mean annual rainfall follows a steep, two-tiered gradient (cf. section 2.1), increasing from~2 m yr À1 in the alluvial plain to >3 m yr À1 at the front of the LH/Siwaliks, then decreases rapidly to <2 m yr À1 in the rain shadow of the LH orographic barrier; rainfall steadily increases over the next 40 km approaching the HH orographic barrier to a peak of~4 m yr
À1
, then decreases into Tibet (Figure 3d ). Within our sampled catchments, catchment-mean annual rainfall ranges from 1.03 m yr À1 directly north of the LH orographic barrier to 4.22 m yr À1 in the Higher Himalaya (ARU-12-06).
TRMM-weighted SSP follows a similar pattern to mean annual precipitation (Figure 3e) Be ratios were measured at the Lawrence Livermore National Laboratory and were normalized using the 07KNSTD3110 standard [Nishiizumi et al., 2007] . Denudation rates are calculated with a bedrock density of 2.6 g cm Production rate calculations were performed for every grid point of the 90 m DEM using the Lal/Stone scaling scheme [Lal, 1991; Stone, 2000] . Production rate depends on altitude, latitude, and topographic and ice shielding. ; n = 4) ( Figure 6a and Table 2 ). Near their confluence with the Arun, the Sun Kosi and Tamor have denudation rates of 0.82 ± 0.06 mm yr À1 and 1.39 ± 0.11 mm yr
, respectively. The Sapt Kosi, measured in the alluvial plain, records a denudation rate of 0.91 ± 0.07 mm yr
. This marks a fivefold decrease in main stem denudation rates across the Arun/Sapt Kosi River from the alluvial plain to Tibet. Similarly, the relatively high denudation rates in the Sun Kosi and Tamor Rivers that drain the southern flanks of the Himalaya are 5 to 7 times greater than in the upper reaches of the Arun. Be concentration in the LH, which we associated with downstream fining of material derived from the Tibetan Plateau.
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Tributary Catchments
The highly dynamic orogenic environment of the Himalaya includes several nonfluvial processes (e.g., landsliding and glaciation) that complicate the interpretation of TCN-derived denudation rates [e.g., Brown et al., 1995; Niemi et al., 2005; Yanites et al., 2009; Godard et al., 2012] . To avoid these complications, we first present denudation rates from fluvial tributaries that do not show evidence of recent landsliding or glaciation, then describe results from glacial and landslide-impacted catchments. Fluvial tributaries show an order-of-magnitude northward increase in catchment-mean denudation rates from the Lesser to Higher Himalaya ( Figure 6b and Table 2 ). Denudation rates in the LH are low to moderate (<0.5 mm yr À1 ) and vary over a relatively narrow range (~0.2-0.5 mm yr À1 ) (n = 10). Denudation rates increase in the topographic transition zone (~0.5-0.8 mm yr À1 ) (n = 3) and are highest in the Higher Himalaya (1.44 mm yr À1 in ARU-12-08), then appear to decrease further into the orogen (e.g., 0.47 mm yr À1 in ARU-12-13) (n = 3). Higher denudation rates in the topographic transition zone and the Higher Himalaya, however, may be mainly driven by glacial and hillslope processes.
Glaciers occupy some tributary valleys in the Higher Himalaya ( Figure 6 ) and have the potential to alter TCN denudation rates. We observe high denudation rates in the heavily glaciated Barun Valley (ARU-12-11, 1.48 ± 0.11 mm yr À1 ), as well as in two less glaciated valleys directly south of the Barun (ARU-11-14, 1.36 ± 0.10 mm yr
À1
; ARU-11-15, 0.94 ± 0.07 mm yr À1 ). However, there are fundamental problems interpreting denudation rates from these valleys: (1) shielding of bedrock from cosmogenic rays by glacial ice, (2) the assumption of steady state erosion through time [Bierman and Steig, 1996] , and (3) the assumption that each area in the basin contributes sediment in proportion to long-term erosion rates. The dynamics of glacial erosion and sediment delivery are complicated and poorly understood and are likely not steady through time. All of these processes may result in an overestimation of true denudation rates Glotzbach et al., 2013] . The application of an ice-shielding grid to the denudation rate calculation accounts for glacial shielding of sediment in the detrital sample, thus producing more reliable denudation rate estimates. However, we note that we cannot account for possible nonsteady state or proportionate denudation through time and therefore consider denudation rates from glacial catchments as apparent denudation rates that may differ from temporal averages.
Landsliding is common throughout the steep-slope terrain of the Himalaya [e.g., Bookhagen et al., 2005a; Dahal and Hasegawa, 2008] . Because landslides frequently erode material from below the absorption depth of cosmogenic nuclides, they have the potential to dilute the 10 Be signal within a detrital sample. If the catchment is sufficiently large and well-mixed, TCN concentrations from landslide-dominated catchments can still 
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provide reliable denudation rates [Niemi et al., 2005; Yanites et al., 2009] . However, small, poorly mixed catchments or samples collected shortly after recent landslide events may result in calculated denudation rates that do not reflect the time-averaged denudation rate [Yanites et al., 2009] . To quantify the potential impact of landsliding on our samples, we mapped visible landslide scars in all sampled tributary catchments using high-resolution imagery from Google Earth (see data repository Figure S1 in the supporting information for further information) . While small landslides are ubiquitous in the study area, we observed five catchments with a pronounced amount of landsliding as a percentage of total catchment area: three small catchments (<10 km 2 ) in the topographic transition zone (ARU-11-10, ARU-11-11, and BBRS01) and one small catchment (~10 km 2 ) and one medium-sized catchment (~100 km 2 ) in the Higher Himalaya (ARU-12-09 and ARU-12-19A, respectively). In each catchment, the landslide area is markedly higher than the 0.001% of total catchment area proposed by Yanites et al. [2009] that will still produce a reliable denudation rate. BBRS01, ARU-12-09, and ARU-12-19A have anomalously high apparent denudation rates (4-10 mm yr À1 ), and the five landslide-affected tributaries represent the lowest observed 10 Be concentrations in our study area. Due to the likely recent delivery of material from below the 10 Be absorption depth from landslides in these samples, measured 10 Be concentrations may not be representative of the temporal average. We therefore consider the calculated denudation rates as maximum apparent denudation rates.
A more complex picture of denudation across the Arun Valley emerges when we consider the entire set of denudation rates, incorporating glacial and landslide-impacted apparent denudation rates. We observe largely fluvial denudation through the Lesser Himalaya, with low to moderate rates that do not vary considerably (0.2-0.5 mm yr
À1
). In the topographic transition zone, fluvial denudation rates increase (0.5-0.8 mm yr
) concurrent with an increase in landsliding, with apparent denudation rates of~5 mm yr
. This marks the changeover to an erosion regime that is more variable in both rates and processes. Significant landsliding continues at the front of the Higher Himalaya (ARU-12-09 and ARU-12-19A) with maximum denudation rates in excess of 10 mm yr
. Glaciation additionally begins to play a role in the Higher Himalaya, maintaining denudation rates similar to the highest fluvial denudation rates (~0.9-1.5 mm yr
). Fluvial denudation rates, meanwhile, appear to decrease into the Higher Himalaya away from the high-relief, high-rainfall frontal zone (e.g., ARU-12-13).
Discussion
The 10 Be TCN samples from the Arun Valley record a pronounced northward increase in denudation rates across the Himalaya in tributary catchments and a fourfold decrease in main stem denudation rates from the lower reaches of the Arun to the upper reaches bordering Tibet. In a dynamic environment such as the Himalaya, several factors can influence 10 Be concentrations (e.g., nonuniform sediment sourcing and transient sediment storage) [Bierman and Steig, 1996; Granger et al., 1996; von Blanckenburg, 2005] . However, we did not find evidence of major impacts from potentially variable sediment sourcing or transiently stored sediments on our measured 10 Be concentrations and calculated denudation rates (see Text S1 in the supporting information for details of the analyses performed). Below, we further discuss the interpretation of 10 Be concentrations and denudation rate calculation.
Downstream Evolution of Main Stem 10 Be Concentration
In order to better understand the impact of regional factors on denudation rates, we first consider measured 10 Be concentrations directly (Table 2 and Figure 5 ). For the following discussion, we interpret the two distinct groupings of 10 Be concentrations discussed in section 4.2 as (1) the Tibetan signal, comprising high 10
Be concentrations measured in the upper reaches of the main stem Arun, and (2) the Himalayan signal, comprising low 10 Be concentrations measured in tributaries to the Arun, the Sun Kosi, and Tamor and from the downstream sections of the main stem Arun.
Downstream Fining
One of the most prominent features of the 10 Be concentrations is the pronounced downstream reduction of 10 Be in the main stem Arun ( Figure 5 ). This order-of-magnitude difference must be the result of either
(1) a large sediment flux from the Himalaya able to sufficiently dilute the 10 Be signal from Tibet to the levels recorded at the Sapt Kosi confluence or (2) significant sediment storage within the Himalayan section of the valley. Comparing the 10 Be concentration in ARU-11-13 (high 10 Be) and ARU-11-26 (low 10 Be), we solve the mass balance problem presented in equation (2) 
where H denotes the Himalaya between Tibet and the Sapt Kosi confluence and MF represents the mass flux (g cm À2 yr À1 ) (Tables 1 and 2 and Figure 7 ). To solve for mass flux, we assume that the mean 10 Be concentration from Arun tributaries (2.56 × 10 4 ± 4.6 × 10 2 at g
À1
; n = 20) is representative of the 10 Be concentration of the entire Himalayan section of the valley. However, using this 10 Be concentration, the resulting mass flux for the southern flanks of the Himalaya is negative (À0.12 g cm À2 yr
), indicating sediment storage in a region where no significant modern sediment storage is observed (see Text S1). As such, it is impossible to reconcile the 10 Be concentration measured at ARU-11-26 with a positive mass flux from the Himalaya under these assumptions. Similarly, if we define the Himalayan mass flux as MF H = MF 26 À MF 13 (0.15 g cm À2 yr
), the calculated 10 Be concentration is likewise negative, a physical impossibility unless the system is undergoing either sedimentation or sediment loss through grain fining. We therefore assume that the collected sample cannot be a uniform representation of the upstream area. Instead, we suggest that downstream sediment fining continues for particles <2 mm, resulting in the Tibetan sediment passing through our 250-750 μm sample sieve. This effect is identifiable in the Arun due to the large difference in 10 Be production rate between the high-altitude, low-relief Tibetan region (high 10 Be production) and the relatively low-altitude, high-relief Himalaya (low 10 Be production; Figure 7 ). However, similar problems could remain undetected in sufficiently large watersheds with uniform or near-uniform 10 Be production rates, such as the Sun Kosi or Tamor or large watersheds in other orogens.
The exclusion of upstream sediment grains from the analyzed samples results in estimated denudation rates that do not reflect the entire upstream area. We therefore interpret the calculated "high" denudation rates from the main stem Arun (e.g., ARU-11-26, 0.75 mm yr À1 ) as primarily reflecting the denudation rate of the southern flanks of the Himalaya and not the Tibetan section of the watershed, resulting in an overestimation of the true denudation rate for the watershed. This finding calls into question the use of large watersheds or distal sampling sites to characterize regional denudation rates, particularly in the Himalaya and in transHimalayan rivers. Recent studies have highlighted differences in 10 Be concentrations in different grain size fractions from detrital sand samples [McPhillips et al., 2014; Puchol et al., 2014] . While the motivation for these analyses has been primarily to quantify the impact of landslide processes and focus on larger grain and cobble sizes, measuring 10 Be concentration from various grain size fractions, including those <200 μm, may also mitigate the problems downstream fining poses for denudation rate estimation.
Climate-Driven Dilution of 10 Be Concentration
The northernmost main stem sample, ARU-12-15, has a noticeably lower 10 Be concentration than nearby samples from the northern main stem Arun, resulting in a local southward increase in 10 Be concentration before the more drastic decrease near the topographic transition zone. This southward increase of 10 Be is restricted to the glaciated portion of the Higher Himalaya ( Figure 5 ). Glaciated catchments measure among the lowest 10 Be concentrations in the Arun Valley. North of our study area, extensive glaciation exists on the northern flank of the HH. Specifically, a large and heavily glaciated tributary that drains the northern slopes of the Sagarmatha/Everest massif joins the Arun approximately 10 km north of the sampling point of ARU-12-15. This nearby influx of highly shielded sediment may locally dilute the 10 Be concentration measured at ARU-12-15 before it is measured again over 40 km downstream. A modeled 10 Be concentration for ARU-12-15 assuming an erosion rate of 0.2 mm yr À1 (approximate denudation rate from nearby main stem samples ARU-11-01, ARU-11-13, and ARU-11-16; Figure 6 and Table 2 ) and the mean upstream production rate is nearly 1.5 times the measured value (2.09 × 10 5 at g À1 modeled as opposed to 1.41 × 10 5 at g À1 measured in ARU-12-15),
suggesting that a large, local influx of low 10 Be sediment is responsible for the 10 Be concentration measured at ARU-12-15. We also observe a relatively low 10 Be concentration (and therefore higher apparent denudation rate) in the Tamor compared to the main stem Arun or the Sun Kosi. Glaciers occupy a larger area of the Tamor Basin (~15%) compared to these other large rivers (~5-7%), and the higher degree of glaciation in the Tamor may be the cause of lower 10 Be concentrations and higher apparent denudation rates.
In addition to local dilution from glacial input, we observe one main stem sample in the northern section of the study area (ARU-12-03) with a low 10 Be ratio where we would expect to measure a high 10 Be signal from Tibet. This sample was taken less than 2 km downstream of a medium-sized tributary with large, recent landslides Be concentration derived from the landslide. This may be due to the timing of the landslides or to different sediment sourcing in the river system during and after the monsoon season [e.g., Lupker et al., 2012] .
It is notable that landslide-impacted tributaries are focused at the front of the Higher Himalaya where elevation, rainfall, and relief rapidly increase from the Lesser Himalaya. While relief and elevation remain high throughout the Higher Himalaya, rainfall decreases northward toward the high topography. Landslide-impacted tributaries are focused in a zone where both relief and rainfall peak, showing the importance of focused rainfall in triggering mass movements ( Figure 5 ).
Denudation Gradient Across the Arun Valley
In general, denudation rates in tributaries to the Arun increase from south to north coincident with the increase of topographic metrics such as hillslope angle, k sn , and local relief ( Figure 3 and Table 3 ). Due to the tectonic window, nearly all sampled basins are composed of both LHC and HHC units and no major lithologic boundaries are crossed by the main stem Arun in our study area (Figure 1d ). Although the percentage of HHC rocks increases northward as the Arun Tectonic Window narrows and denudation rates increase, no relationship is observed between catchment-mean denudation rates and lithology (see Figure S2 ).
The across-strike pattern of northward increasing denudation rates we observe is similar to those reported by Godard et al. [2014] and Scherler et al. [2014] . In both studies, denudation rates in the Lesser Himalaya are reported between~0.1 and 0.5 mm yr À1 and increase rapidly at the transition to the Higher Himalaya, where denudation rates exceed 1 mm yr À1 . The similar pattern between the Arun Valley and the results of studies where denudation rates are fit to tectonic drivers suggests that, at first order, a similar process drives the rates and pattern of denudation in the Arun Valley. We note, however, that the highest rates of denudation (>2 mm yr À1 ) reported by Godard et al. [2014] and Scherler et al. [2014] are derived from regions with high rainfall rates and high local relief, similar to where we found the highest incidence of landslide-impacted catchments in the Arun, and may be overestimations of true denudation rate.
Previous studies have suggested a nonlinear relationship between topographic metrics (e.g., slope and k sn ) and denudation rates, such that for a given topographic metric, [topographic metric] b~d enudation rate, with power law values ranging from b = 1 to b = 4 [Safran et al., 2005; Ouimet et al., 2009; DiBiase et al., 2010; DiBiase and Whipple, 2011; Bookhagen and Strecker, 2012; Fisher et al., 2013; Scherler et al., 2014] . We observe the highest correlation between denudation rate and χ-determined k sn (R 2 = 0.66 for area-weighted k sn , R 2 = 0.67 for TRMM-weighted k sn , compared to R 2 = 0.54, 0.57 for area-and TRMM-weighted for the standard k sn normalized by θ = 0.45). The power law relationship between k sn and denudation rate in our data set ranges from Godard et al., 2004; Herman et al., 2010; Coutand et al., 2014] . We therefore associate high k sn and corresponding high denudation rates with locally high uplift rates.
Although we observe a moderately strong correlation between denudation rates and k sn , our denudation rates correlate poorly with many other standard topographic and climatic metrics (Table 3) . We were not able to constrain several factors of the fluvial network, such as channel width, depth, and geometry. Recent studies have highlighted the importance of channel width and geometry in the stream power model and in erosional proxies, such as specific stream power [Fisher et al., 2013] . In our SSP calculations, we scaled channel width to discharge following a power law relationship [Knighton, 1999; Whipple, 2004; Craddock et al., 2007] . This approach results in channel width increasing nonlinearly as upstream area increases. However, the low concavity values we derived from χ analysis of the fluvial network indicate that many channels in the Arun continue to have steep channels gradients in their lower reaches and thus narrow channel widths [Yanites et al., 2010; Fisher et al., 2012] . Discharge scaling is therefore likely an inaccurate estimate of channel width in this environment and may explain why SSP poorly describes denudation rates in the Arun compared to other orogens [e.g., Bookhagen however, this result may be an artifact of sample size, as a smaller sample is less likely to reject the null hypothesis of normal distribution. Similarly, we found a systematic positive skew (right-tail) in the distribution of hillslope gradient and k sn (see Table S2 ). distribution of elevation and quasibimodal distribution of 1 km local relief (Figures 9d and 9e) . High k sn is focused at the foot of the perched low-relief area where knickpoints propagate into relict topographies and the catchment moves toward equilibrium. As shown in the histograms of elevation, local relief, and k sn , the normal distribution and associated statistics (mean and standard deviation) assumed by averaging do not fit the data population. While catchments with transient features are likely to be the most problematic in this regard, evidence for skewed and nonnormal distributions were found in all catchments for nearly all metrics. Figure 10 shows the goodness of fit (R 2 ) of the regression analysis using the catchment-mean value and the catchment percentile values of various topographic and climatic metrics. The strength of the correlation between denudation rate and catchment topography and climate varies by as much as a factor of 6 (e.g., k sn ) depending on the metric and the percentile used. In the case of k sn , the correlation increases positively with the percentile used. However, the systematic positive skew in the distribution of k sn values in sampled catchments suggests that channel segments where k sn > 90th percentile comprise relatively small portion of the channel network. Thus, the rate of denudation may be most sensitive to, and focused at, locations in the catchment that do not correspond with standard averaging techniques (e.g., mean, median, or mode). The disconnect between catchment average statistics, the catchment distribution of topographic metrics, and the areas (sometimes small) that correlate best with denudation rates highlights the problem of uniformly characterizing catchments in a highly dynamic landscape. While such topographic metrics are useful first-order approximations, they are far from exact proxies for the processes that drive erosion.
Conclusions
Based on our 34 new 10 Be TCN measurements in eastern Nepal combined with field observations and topographic and climatic analyses, we reach the following conclusions:
1. Catchment-mean denudation rates show an order-of-magnitude northward increase from the Lesser Himalaya to the Higher Himalaya, as elevation, hillslope, and channel steepness increase. The spatial pattern of denudation rates is most strongly correlated with normalized channel steepness, following a nonlinear power law relationship [k sn ] b~d enudation rate with best fit parameter for b = 1.89 (θ = 0.23, R 2 = 0.66, 95% confidence interval b lower = 1.01, b upper = 2.27). The strong relationship between denudation rates and k sn , as well as a similar observed pattern of denudation rates derived from studies arguing for tectonic drivers [Godard et al., 2014; Scherler et al., 2014] , suggests a prominent role of rock uplift in forcing denudation rates in the Himalaya [cf. Godard et al., 2014; Scherler et al., 2014] . However, we observe Figure 10 . Regression results between various catchment-mean topographic and climatic metrics and denudation rates based on percentiles of catchment metrics and denudation rates, showing the variable goodness of fit depending on which catchment value is used. Normalized channel steepness values calculated using channel concavity from χ analysis, showing the moderately strong correlation between k sn and denudation rates.
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multiple climatic influences on the processes of erosion in the Arun Valley, such as the extent of glaciation and localized landsliding in the area of peak rainfall and relief. 2. Nonfluvial processes such as extensive glaciation and landsliding upstream of sample sites can cause local dilution of 10 Be concentrations in detrital samples. Local dilution of detrital sand from the main stem Arun demonstrates that such processes can even impact very large watersheds that are typically assumed to integrate upstream perturbations (e.g., landslides). When left unaccounted for, dilution of 10 Be concentration caused by local geomorphic processes could result in overestimation of catchment-mean denudation rates. 3. Downstream fining of fluvial sand continues past <2 mm diameter grains, resulting in sand grains sourced from upstream (Tibetan) sections of the watershed passing through the 250 μm sieve in samples collected downstream. Therefore, downstream main stem Arun samples are likely representative of the Himalayan section of the catchment, rather than the entire watershed. Although the Arun provides a well-suited setting to record this effect, the exclusion of fined upstream sediment may also occur undetected in large watersheds in other mountain belts. We therefore call into question the use of distal detrital samples to characterize denudation rates in extensive mountainous catchments. Consequently, sampling multiple grain sizes in high-mountain environments may yield a more robust characterization of denudation rates, including potentially fined upstream sediments. 4. Nonnormal distribution of catchment topographic and climatic parameters in many sampled basins in our study highlights the importance of using caution when choosing how to characterize catchments with regard to erosion processes. Skewed and multimodal distributions of catchment topography and variations in sensitivity to denudation rates suggest that while such topographic metrics may be a useful first-order approximation of the processes that drive erosion at the regional scale, they are far from ideal proxies at the catchment scale.
